Cerium sulfide (CexSy) polycrystalline thin film is coated with chemical bath deposition on substrates (commercial glass). Transmittance, absorption, optical band gap and refractive index are examined by using UV/VIS. Spectrum. The hexagonal form is observed in the structural properties in XRD. The structural and optical properties of cerium sulfide thin films are analyzed at different pH. SEM and EDX analyses are made for surface analysis and elemental ratio in films. It is observed that some properties of films changed with different pH values. In this study, the focus is on the observed changes in the properties of films. The pH values were scanned at 6-10. The optical band gap changed with pH between 3.40 to 3.60 eV. In addition, the film thickness changed with pH at 411 nm to 880 nm.
Introduction
Cerium is the most abundant member of the element series known as lanthanides. Cerium made its first contribution to chemical technology in the 1890s. Since then cerium compounds, especially cerium oxides, has been used to produce technological equipment of automobiles, televisions, and other technological devices [1] . Cerium sulfide is an interesting material having specific properties. The sulfides of cerium which are rare earth elements are known as good heavy metal color pigments. Cerium sulfide can give different colors such as orange, red and burgundy [2, 3] . Some cerium sulfides are known [3] [4] [5] [6] as cerium(III) sulfide Ce 2 S 3 , cerium mono sulfide CeS and triceriumtetrasulfide Ce 3 S 4 . Cerium sulfides absorb the light in the ultraviolet area.
Especially cerium mono sulfide is more interesting than others. The color of CeS is metallic bronze; it adopts NaCl structure with ions Ce þ 3 , S À 2 , and one electron in conduction band [4] [5] [6] . Cerium mono sulfide also has higher electrical conductivity, higher thermal conductivity, higher (c.a. 2715 K) melting point, and good thermal shock resistance when compared to the other cerium sulfides. Cerium salts can be transformed to cerium(III) oxysulfide (Ce 2 O 2 S) known as cerium oxide, which is also a better melting stable compound. Cerium(III) oxysulfideis a well-known material because of the afore mentioned thermodynamic properties [5, 6] .
Cerium(III) sulfide also exists in the forms as α-Ce 2 S 3 , β-Ce 2 S 3 and γ-Ce 2 S 3 with different structures [7, 8] . The structure and colors of these sulfides are in black/brown or orange color in the structure of orthorhombic, burgundy color in the structure of tetragonal and dark red color in the structure of cubic, respectively. According to literatures, α-Ce 2 S 3 , β-Ce 2 S 3 and γ-Ce 2 S 3 occur at high temperatures lower than 900 1C, higher than 900 1C and higher than 1200 1C, respectively. Cerium mono sulfides also have different properties such as thermal and electrical properties. Cerium oxides, as a result of their properties, are used in various technologies [3, [7] [8] [9] .
In the relevant literature it is seen that cerium sulfide thin films have not been produced with chemical bath deposition for the solar cell substrates, sensor or detector until today. Therefore, there haven't been any records concerning the effects of pH of the bath on the cerium sulfide film structure and optical properties. In this paper, cerium sulfide thin films were produced with chemical bath deposition in higher pH values. In the experiment cerium sulfide thin films with different properties were produced and their structural and optical properties were investigated. The crystal structure and optical properties of cerium sulfide were controlled with pH of chemical bath.
Experimental
The components of bath were concentrate ammonia solution, 0.1 M (NH 4 ) 2 Ce(NO 3 ) 6 and 0.2 M thioacedamide. First, 10 ml 0.1 M (NH 4 ) 2 Ce(NO 3 ) 6 and 10 ml 0.2 M thioacedamide were put in baker and 20 ml deionized water was added to the solution. The concentrate ammonia solution was used in order to adjust the pH of bath. To have this adjustment the pH value of the solution to 6, 7, 8, 9 and 10, 200 μl, 230 μl, 430 μl, 1600 μl and 9200 μl of concentrate ammonia solution (NH 3 ), were added to the solutions, respectively. The pH values of the chemical baths were measured by using a pH meter (Lenko mark 6230N). The chemical baths were put in the oven for 18 h at 60 1C.
The crystalline structure of the cerium sulfide thin films were confirmed by X-ray diffraction (XRD) with a CuKα 1 radiation source (RikaguRadB model, λ=1.5406 Å) over the range of 101 o 2θ o 901 at a speed of 31 min À 1 with a step size of 0.021. The surface properties of all films were investigated by using an EVO40-LEO computer controlled digital scanning electron microscope (SEM). Chemical analysis by EDX was performed with an EDX spectrometer attached to SEM. Optical measurements were determined by Hach Lange 500 Spectrophotometer at room temperature by placing an uncoated identical commercial glass substrate in the reference beam. The optical spectrum of thin films was recorded in the wavelength at the range of 300-1100 nm.
Results and discussion
The required chemical reactions for the production of cerium sulfide are as below. As it is seen in Eqs. (1)-(5) cerium ions (Ce þ 4 ) are combined with thioacetamide in order to form an insoluble CeS 2 , Ce 2 S 3 , Ce 3 S 4 in bath. Fig. 1 shows XRD patterns of various cerium sulfidethin films produced at different pH levels by using chemical bath deposition method (a: pH 6, b: pH 7, c: pH 8, d: pH 9, e: pH 10). The comparisons of these peaks with ASTM values are also presented in Table 1 . Nearly amorphous structures were observed at pH 6, 7 and 8 in polycrystalline structure, but it was comparatively lower at pH 9 and 10 where the highest peak was observed especially at pH: 10. These results indicated that the method and the bath prepared at pH 9 can be used as a specific methodology for the production of Ce 2 S 3 and CeS 2 polycrystalline thin films. In addition, the method and the bath prepared at pH 10 can be used as a specific methodology for the production of Ce 3 S 4 , Ce 2 S 3 and CeS 2 polycrystalline thin films. An orthorhombic structure was observed by indexing the structure on XRD EVA program at pH 6 and 7. But, the structures of Ce 3 S 4 and Ce 2 S 3 are predominantly observed in the film structures up to pH 8. According to the results it can be concluded that the increase in baths' pH results in the increase in the sulfide structures in the environment. The XRD results are parallel with ASTM values.
For all films the grain size (D), which is the structural parameter, were evaluated by XRD patterns and presented in Fig. 3 . The grain size of the thin films was calculated from XRD patterns by using Debye Scherrer's formula [10] [11] [12] [13] ,
where D is the grain size, λ is the X-ray wavelength used, β is the angular line width at half-maximum intensity in radians and θ is Bragg's angle. The grain size of the films was calculated by using the peaks of FWHM (0 2 0) at pH 11, (0 2 1) at pH 10, (1 1 1) at pH 9 and (0 2 2) at pH 8, obtained through the Scherrer's method which takes peaks of XRD patterns with the highest intensity. The dislocation density (δ) gives more information about the amount of defects in the films, which can be found in the formula below [10] [11] [12] [13] , Higher δ values indicate lower crystallinity levels for the films and the amount defects in the structure [10] [11] [12] [13] .
where N is the number of crystallites per unit area. The higher N value indicates abundance of crystallization. The highest average grain size of cerium sulfide thin films is found at pH 8. The average grain sizes of the thin films are 52.65, 54.52, 80.61, 55.96 and 31.68 nm for pH 6, 7, 8, 9 and 10, respectively, as shown in Fig. 2 . The reason for the low grain sizes at pH 10 is the sulfide concentration. Another reason is the dominance of three mixing phases (CeS 2 : Face centered cubic and Ce 2 S 3 : Orthorhombic) to the other mixing phases (CeS 2 : Face centered cubic, Ce 2 S 3 : Orthorhombic and Ce 3 S 4 : Body centered cubic). When the average grain sizes get smaller, the grains stack more stringently, which decreases the spaces between grains. Thus, the deposition of the film on such structures leads to more orderly structures. This can be seen by XRD patterns which is parallel with the peaks that we observed at different pHs.
The dislocation density (δ) of the film at pH: 10 was higher than that of the other films [14, 15] . The smallest average grain size was calculated at pH: 10 (Fig. 2) . Although the number of crystallites per unit area (N) values of cerium sulfide thin films was fixed at pH: 8, we observed the sharpest peak at pH: 10. The reason for this difference could be the fact that the other compounds were included in the bath as Ce(OH) x , CeO 2 S 2 , … etc., at a higher pH. According to the literatures, the dislocation density of films decreases when the average grain size increases. The same results are obtained at this study. Also the grain sizes of films are inversely correlated with optical band gap (Eg). The peak of pH: 10 films have higher dislocation density and lower grain size than these studies, so this result is also in agreement with the results of relevant studies [14, 15] .
The film thickness of cerium sulfide thin films at different pHs can be seen in Fig. 3 . The film thickness of the cerium sulfide thin films increased at pH: 8, then declined to 671 nm at pH 10. The change in the film thickness was 579, 600, 880, 671 and 411 nm according to deposition pH was 6, 7, 8, 9 and 10. This is a well-known process in thin film studies. The film thickness reaches saturation because of surface charge [9] .
The optic band gap energy (Eg) was determined from the absorption spectra of the films using the following relation [10] [11] [12] [13] :
where A is a constant, α is absorption coefficient, hν is the photon energy and n is a constant, equal to 1/2 for direct band gap semiconductor. Fig. 4 shows the plot of (αhυ) 2 vs. hυ for cerium sulfide films at different pHs; (a) pH 6, (b) pH 7, (c) pH 8, (d) pH 9, (e) pH 10. As mentioned before, we were able to control the structures of the films by controlling pH levels of baths. This caused variations in the grain sizes for each pH level and also optic band gaps varied accordingly. Optic band gaps of the films are 3.14, 2.99, 2.86, 2.92 and 3.23 eV for average grain sizes 52.65, 54.52, 80.61, 55.96 and 31.68 nm, respectively. Therefore, the grain size is inversely correlated with optical band gap, which were also observed by other researchers before. Witz et al. stated that pure single crystal of cerium sulfides (especially, sesquisulfides) has a direct band gap higher than 3.3 eV because of higher dielectric constant [16] . The present study is different than Witzs' study as the mixing phase was produced in the experiment. The quantum size affected the optic band gap at different pH [9] . Ateş et al. stated that "it can be attributed to the improvement in the crystals, in morphological changes of the films, in changes of atomic distances and grain size and structural defects in the films. There is a possibility of structural defects in the films due to increase the film thickness; this could give rise to the allowed states near the conduction band in the forbidden region. In case of thick films, these allowed states may as well merge with the conduction band resulting in the reduction of the band gap" [17] . The transmittance (T) for cerium sulfide thin film can be calculated by using reflectivity (R) and absorbance (A) spectra from the expression [10] [11] [12] [13] :
Transmission measurements were performed at room temperature at the range of 300-1100 nm, and presented in Fig. 5 . It was found that the transmission is inversely proportional to the film thickness at 47, 40, 37, 58 and 80% (at 550 nm wavelength), which were at 579, 600, 880, 671 and 411 nm, respectively. The reflectance increased with the film thickness at 18, 22, 24, 13 and 5% (at 550 nm wavelength), respectively. According to the literature, the reflectance of cerium sulfides is about 10% at 550 nm wavelength, but bulk of cerium sulfides give higher reflectance after the 700 nm wavelengths [8]. Cerium sulfides are known to be good reflectance materials and they have high performance pigment.
The refractive index and extinction coefficient for films are given by the formulas [10] [11] [12] [13] :
The refractive index was coherent with the film thickness at 579, 600, 880, 671 and 411 nm which were 2.52, 2.79, 2.92, 2.19 and 1.63 (at 550 nm wavelength), and it is presented in Fig. 6 . Also the extinction coefficient behaved as refractive index at 0.023, 0,028, 0.030, 0.016 and 0.006, respectively (at 550 nm wavelength). The refractive index of cerium sulfides (Ce 2 S 3 ) is known to be 2.7 [8] . The refractive index of bulk cerium sulfides is about 2.5-3 in visible region, but it is between 3 and 3.5 in UV region. The extinction coefficient of bulk cerium sulfides is also 0-0.5 in visible region, but there is an increase about 1.0 in UV region [8] . Higher values of refractive index and extinction coefficient were calculated at 325 nm wavelength. According to literature, refractive index and extinction coefficient occur at high energy in UV region, its' peak started in visible region at 450 nm wavelength after a parallel increase [18] . These results are in agreement with the literature. It is known that the refractive index will increase with film thickness because when film thickness increases the light interacts with more particles along the way [19] . At the same time, refractive index is parallel with the transmittance and reflectance has a parallelism with extinction coefficient. The relationship between these optical characteristics with film thickness can be explained with these parallelisms. Figs. 7 and 8 show absorbance and dielectric constant of cerium sulfide thin films at different pH values. The absorbance curve was congruent with the film thickness at 0.319, 0.388, 0.422, 0.231 and 0.093 (at 550 nm wavelength), respectively. The dielectric constant of cerium sulfide behaved as absorbance at 1.13, 1.47, 1.66, 0.75 and 0.26 (at 550 nm wavelength), respectively. Higher absorbance and dielectric constant values of cerium sulfides thin films were observed at 325 nm wavelength, again. Cerium sulfides are well known UV absorbers. Perrin and Wimmer reported that electron transition between the 4f-5d orbitals when alkali is doped to the structure. At the same time, it is related to 3p valance band of sulfide and the conduction band is observed in UV area [20] . The dielectric constant highly affected the electric area in the UV region. Compared to thinner film the light is absorbed by thicker films at a higher level. The thicker films have more grains than the thinner films [21] , and the grain number affects the absorbance level in the sense that as the grain number increases the absorbance level also increases. In addition, the absorbance correlated with the dielectric constant.
Scanning electron microscopy (SEM) was used in order to investigate the effect of pH on film surface properties as surface properties directly affect the optical properties of the films. The SEM images of the cerium sulfide thin films with different pH are presented in Fig. 9 . SEM analysis was also confirmed by the results. As it is exhibited in Fig. 9d and e, the size of the crystallites decreased with the increase in the solution pHs (pH: 9 and 10). The highest grain size was at pH: 8 while the lowest grain size of the films was calculated at pH: 10. These results are in agreement with XRD patterns and calculations.
Conclusion
Cerium sulfide has different structures of Ce 2 S 3 , Ce 3 S 4 and CeS 2 . Different structures of cerium sulfides, considering their technological value, have started to attract researchers' attention. In this study, different structures of cerium sulfides thin films were produced and high quality thin films were obtained. Also, some properties of the thin films such as refractive index, transmission, reflectivity and structural properties were further investigated. In addition, mixing structures were observed in this research. The films produced in this study would be useful for sensor, detector in UV region and solar cells [22] .
